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ABSTRACT 


This report contain:; descriptions of our work on two dimensional 
transputt in Pi and ini’ device;- mid spin dependent recombination in Si 
gate control led p n junction;:. The t \:o dimensional work cover;; our 
invent ignt i o»s of t I- .» quant urn 11.ill effect where, we find that the effect 
is basically d.o. md can he measured by the application of n finite 

frequency. The cause of this effect is discussed in terras of a 

delocalisat ion of electrons in the tails of Landau levels. The 
experiment s indicate that localisation in the tails of Landau levels is 
cauj.eci by both di soi dor and the electron-el ectron interaction. Another 
aspicl of the electron-electron interaction which has been investigated 
is t lie oscillatory conduct ar.ee in inversion layers when charge is present 
at the f-i.—S10^ interface. It; is supported that; Conic.;;!’ effects give 
rise to a contribution to the activation energy which oscillates with 
carrier concentration. Other topics in two dimensions which are discussed 
include the role of spin-orbit coupling in transport in the InP inversion 
layer and an investigation of the scaling theory of conduct ion. ,T.n this 
latter topic it: i s concluded that a one parameter scaling function does 
not exist. The existence of the; weak Zb localisation has also allowed an 

invest) gat ion of the rate of energy loss of hot electrons in Si. inversion 

layers. 


The other topic discussed is spin dependent recombination in Si. gate 
controlled p-n junctions. The signal is found to be independent of frequei 
as suggested by theoretical models. We have also found a spin dependent 
generation signal of the same magnitude as the recombination signal. At 
present we do not have a theoretical model for this effect, future work 
will include both experiments and an attempt to produce a model accounting 
for both spin dependent recombination and generation. __ 
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JNTROnUCTJON 


In tliis, first, report wo present results of our 
investigations into various aspects of two dimensional transport and 
spin dependent recombination. The two dimensional work lias been 
published and the papers are attached as an appendix, thus the main 
part, of this report will only contain short summaries of the papers. 

A fuller description of the work on spin dependent recombination is 
given, fork on the ballistic injection of electrons is now at the 
stage of producing results but there, is nothing suitable, at present, 
for incorporation in the report. 

2. TWO D 'J IfEKSTONA'I, TRAN SPORT 

(a) The Vigner glass and conductance oscillations in silicon 
inversion layers. 

Vc show that on changing the nature of the background random 
potential the inversion layer of the Si MOSFJiT exhibits the 
conductance oscillations previously observed in both GaAs, the 
source and drain regions of Si MOSl'ETs and KOSTETs with a very 
high concentration of Ka + ions at the Si-SiO^ interface'. 
Measurements of the temperature dependence of conductance show 
f - that oscillations are found when conductance is by an excitation 

process as well as hopping. The oscillations arise from an 
oscillating activation energy which is due to either an oscillatii 
interaction contribution to the activation energy, or a negative 
effective density of states at certain values of carrier 
concentration. This appears due to electron ordering in a 
small current limiting region and is contrasted with the case 
where the oscillations are absent, although localisation is due 
to both background disorder and the random field of localised 
electrons. It is shown that near the transition, localisation 
is due almost entirely to the random field of the localised 
electrons, and the system is a strongly interacting Fermi glass 
(or Kigncr glass), even though the oscillations are not apparent. 




Electron localisation and the. 2D quant ised Hall resistance 

Using !>i inversion layers wo have investigated the plateau 
of quantised Hall resistance appearing when the I'cnni energy 
Ej, is; betv.’ccn the spin parallel and spin anti-parallel states 
of the ground Landau level. When states below Ep are localised, 
indicated by a temperature-dependent o throughout the level, 
a plateau is not formed; subsequent delocalisation of states; 
near the centre of the level results in the appearance of the 
plateau. The delocalisation can be achieved by an increase in 
temperature, or the application of a substrate bias, and the 
case of this process indicates that: the degree of localisation, 
when present, is veal;. Under these circumstances the local! sati.oi 
is long range and can be interpreted as the absence of a 
continuous extended path through the specimen. 

Measurements under AC conditions result in the appearance of a 
plateau with increasing frequency when one is not. apparent at. DC. 
This is discussed in terms of the localisation length, and it is 
suggested that electrons behave as if delocalised when the 
frequency is such that the drift length is less than the 
localisation length. 

The behaviour of p throughout the ground Landau level lias been 

analysed and it is shown that a * normal' Hall effect is not 

obtained from extended states at the centre of the level. This 

is in agreement with theories which suggest that the extended 

state c compensates for the presence of localised states in the 

tail of the level. Tt is found that when extended states arc 

present in the second level (Of -) they not. only compensate for 

the localised states in this level but also compensate for the 

bottom level (Of +) which is entirely localised. On the other 

hand, when states near the centre of the level arc localised, 

and a plateau is not found, the results indicate that weakly 

localised carriers contribute normally to the Hall effect. The 

absence of any effect of the weak localisation on a is the same 

xy 

as has been found for weak, non-inagne! ic localisation in both two 
and three dimensions. 








(c) Spin-orbit coupling and weak localisation in the 2D inversion 
layer of Indium Phosphide 

We report men :.;ire:ticnls of the magnetoresi stance (*!?.) of the 2D 
inversion layer of an T 11 P NOSFBT in the temperature range 
T ; = A. 7. ->0.3R. For k^,l > 5 vc. observe positive MR at low 
magnetic filds 11 < 0.015 T and negai ive MR at higher values 
of B. We attribute this: behaviour to the presence of strong 
spin-orbit coupling which at B - 0 reduces the magnitude of 
tha weak localisation. As B is increased, the spin-orl it 
interaction in progressively quenched, leading to a positive 
MR which eventually turns over into negative Mil as the time 
reversal symmetry of the quantum interference (weak localisation) 
is destroyed. Our results can be qualitatively explained but 
precise agreement could not be obtained in the regime where the 
spin-orbit effect was dominant. 

Analysis of the negative mngnetorosistance has allowed us to 
observe the. role of electron-electron scattering which can be 
expressed as two terms varying with temperatures as T and T^. 

The results do not support a suggestion that the. T term can be 
expressed ns Tln(T]_/T) where Tp is n constant. 

(d) An experimental test of the scaling theory of conduction in 
two dimensions 

The. scaling theory of conduction has created much interest in 
the problem of conduction in a disordered system. Basic to this 
theory is the assumption that a one-paramoter scaling function 
exists. An experimental test of this is presented for two- 
dimensional transport in silicon inversion layers. The results 
arc found to be inconsistent: with sue!) an assumption and we 
conclude that the function does not exist. 





Energy loss rate in silicon inversion layers 

We. report the re rail tr; of measurements on the rate of heat 

loss from hot electrons in silicon inversion layer.*; at low 

tempera!nres. The results are interpreted in terms of the 

generation of acoustic phonons and it is found that disorder 

has a significant effect on this mechanism. Tn the low-disorder, 

h igh-t immoral lire limit: the. energy relaxation time T varies 

-A . L . 

with electron temeprature T as T . In the lugh-disorder, 

c e -2 

low-temperature limit t varies as T . The electron 
1 c c 

temperature is measured by the effect on the veal; two-dimensional 
localisation which allows the experiment to be performed at low 
tempera teres. 

Loss of dimensionality, localisat ion and conductance oscillations 
in n-t.ype GaAs l'ETs 

We present new results for the transition from 3 dimensional fed) 
conduction to 2D conduction in a GaAs FET. Ky applying a nif.u f i 
field, 15, it is possible to observe 2 metal-insul. at or tr ansi tic ne¬ 
at low temperatures by (a) suppression of weak localisation at le 
15 returning the system to metallic conduction and (b) shrinking o 
the donor wavcfunc.l ions at high J! localising states at the. Fermi 
energy. Magnetoresistance has been measured ever A decades of B 
and for temperatures between A.2 and 1.2 K, the results being in 
satisfactory agreement with current theories of localisation in 
21) and 31). We also present new conclusions for the anomalous 
oscillations in conductance with applied gate bias observed in 
most GaAs FETs at lov/ temperatures. The strength of the 
oscillations is related to the quality of the FET, being predo.i'n 
in commercial microwave GaAs FETs. 





(g) Klectron localisation ami the quantized llall resistance in 
silicon inversion layers 

Uo have investigated tin* formation of the plateau of quantized 

llall resist;:.ire in the spin split minimum and the lowest valley 

split minimum of the ground Landau level of (100) Si inversion 

layers. The results in the spin gap are explained by a model 

based on Anderson localisation in .strong magnetic fields and on 

the existence of long, range potential fluctuations. The hehaviou 

of p in the second, spin up, higher valley, level is discussed 
' >:y 11 

in relation to the compensation effect suggested in recent 
theories. Application of a field of 25 Tesla resulted in the 
delocalisation of electrons in the lowest valley level and the 
appearance cf the plateau of quantized llall resistance in the 
lowest valley gap. 


( 







3. spin nicrraiOEKT rkc omivi na tio n (sdr) in jr radi atfd c;ate coN tRo i.i.rp 

p- n 1)1 PDFS 


'J'hc small bias forward current i hrough a p'n diode (Fig 1) i s domi 

by t lie recombination of electron-hole pairs in the depletion rep, Jon. 

With larger bias (> 10.30V) the current is dominat ed more by the 

diffusion current contribution. In these experiments a circular gate 

controlled diode is placed in a magnetic field and the recombination 

current is enhanced by an amount AI v:hen microwaves at 8.Vi C)\z are 

applied and resonance is established. The enhancement is measuied a;. 

a first derivative of current, by phase-sensitive detection, at the 

frequency of modulation of the magnetic field. The magnetic field is 

swept: slowly, and the spin-dependent enhancement occurs at about 3300b. 
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The enhancement i.s a factor of up to 1 part in 1.0 , and is of opposite 
phase to the first derivative of a degradation of current, obtained by 
placing a microwave absorber, Dl’l’ll, in the. cavity. DP1T1 reduces the. 
microwave field vhe.ii it: is at resonance so that part of the. forward 
biasing from tin; microwave field is reduced and we see an absorption 
derivative of opposite phase to the SDR enhancement. (Fig 2) 

The fractional enhancement of current is y——— The fraction of 

Recomb 

I that: is recombination current is --- , thus the magnitude 

Rec.omb diff 


of the change decreases as the bias (V) increases and the diffusion 
current increases more rapidly than the recombination current. 










The recombination current varies as exp(cV/ykT) where in theory 
Y = 2 but: experimentally is found to be 1.6. The diffusion current varies 
as exp(eV/kT), thus the ratio of recombination to diffusion current varies 
as exp{(eV/kT)(1 /y “ 1))» i.e. decreasing with increasing V. 

This predicts that •— falls off exponentially with bias, a relation 
which war. found and is shown in figure 3. Variation of the gate voltage 
changes the geometry of the depletion region, giving different proportions 
of recombination and diffusion current, i.e. different y and pro-exponent: 
factors. By the application of a suitable, gate voltage the depletion regj 
can be extended under the gate to include the. Si-SiCL interface., so that 
radiation-induced surface recombination centres contribute to the current. 
In our experiments we. first investigated the dependence of surface 
recombination on the gate voltage. The devices were formed on the (100) 

Si surface and recombination centres were produced by irradiation with 
20keV electrons. This treatment produced a maximum in the record ination 
current just before inversion of then type Si. The irradiation increased 
the inversion voltage from about zero to - -20 volts. The SDR signal was 
then investigated and the g value was found to be 2.008 ± 0.002. Present 
experiments are investigating in detail the dependence of the magnitude 
of the signal cn gate voltage. 

Spin Dependent Ge nora t ion (SDG) 

At negative bias voltages (< -5.0V) the reverse current of the p^n 
gate controlled diode is dominated by the generation of electron-hole 
pairs in the depletion region. As with recombination, the gate voltage 
can be adjusted to include Si-SiO^ surface centres in the depletion region 





The negative generation current, is enhanced by the same microwave 
field and magnetic field that enhanced the forward recombination current 
(Fig A) 

The. SUG signal has opposite phase to the SD" signal since it. is an 
enhancement: of a negative current - DPJ’Jl degradation of the gene rat ion 

current is of opposite phase to Pl'1‘11 degradation of recombination curve-: 

A 

The size of the enhancement is about 5 parts in 10 (similar to the SDH 
enhancement). The g value and line width of the SPG and GDR signals r~e 
the same, indicating that the same type ef reec.ibi.nation-generntion cent 
is responsible for both signals. (g « 2.003-0.002). Me arc presently 
at tempting to construct a model accounting for this surprising finding. 

The effect of illumination was investigated by shining light from 

a bulb mounted near the sample. A dark forward current of +2 x 10 

f 

can be reduced, and made negative, by light-generated carriers, but the 
SDK signal is*unaffected. Thus the number of carriers available does no 
limit the. SDR signal, nor does band to band generation. 

B-Fie.ld Depe ndc nee 

By using different microwave frequencies, the B-field for spin 
resonance can he altered. The size of the signal is the same at 25000 
(with a microwave frequency of 7GHz) and at A220G (12GHz), supporting 
the field-independent model of Kaplan, Solomon and Mott. At the time 
of writing a signal has just been obse.rvod at 1.55 Cuss (corresponding, to 
a frequency of AA0 MHz) of the same size, ns that at higher frequencies. 
Work is continuing on this topic. 
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A. PUBLICATIONS suppoi t ed by tin’*; contract whose absl i acts are reproduced 
in Seetion 2. 

a) The lligik-r gl any and conduct ancc oscillations in silicon 
inversion layers: M. Pepper and M.J. Uren, J Plr_>s C 15 L63 7, 1982 

b) Klee! ron local i ration and the 21) quantised Hr.] 1 resistance: 

M. Pepper and J. LVikabayaahi., J Phys C 15, 1,861, 1952 

c) Spin-orbit coupling and weak local isation in t he. 21) inversion 
layer of Ind I u;j Phosphide*: D.A. Poole, M. Pepper and A. Hughes, 

J Phy p J5> L 1137, 1982 

d) An enperiwaatal test of the. scaling theory of conduction in t vo 
dinensions: K.A. Davis, !■!. Popper and M. Lave):, J Phys C 15, 

I''!'', Iff) 

c) Energy icnr. rate in silicon inversion layers: ".C. Payne, 

R.A. Ik ics, J.C. Ink non and M. Pepper, J Phys C U _, 1/291, 1983 

f) Lorn of dimensionality, 1ocalisat ion and conductance oscillations 
. in n type C; As VLTn*. D.A. Poole, 15. Popper and 1M1. Myrcvi, 

Physic a 1171), 697, 1933 

g) Electron localisation and the quantised Hall resistance in silicon 
inversion layers: J. Wakabaynshi, H.W. Myron and M. Pepper, 
rhysica 117P>, 691, 1983 








l’ij'.m i' C.v.it MMis 

1, The p + n pate controlled diode used in this writ. 


The .SI):' ;; ? AI iplotted as a fraction T tile D. C 
cum'nt 1^ ^ nj-.ainsl A:; incri-Jros with 

iiK'.re;.:.in. bias so the SDH contrihuti on di creases. 


An cix.Ti.iVil <• of an SI.’K •np/.ial vi t'h the 1>!*)'II signal used 
for cal 11 j' t i ji" 1 Tie j.nefi c field. The: i;:ayr. i t v.dc of 
(:1 k Dl’/T; signal has been reduced. 


A. An example of the StXl signal, ns v.i t.h Figure' 3 th 
nagn.i.l.nde of the DJTH signal has been reduced. 
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It is now known that at finite tompciatuics there me corrections to tile Bolt/nmim 
fonmil.il ion of the tv, o dimensional (I’D) metallic conduct-mee. Tli.se coi; eel ions ai iso 
from tlie weak localisation of all states in 2D (Abrah.mis ct <:! 1 ‘> 70 , (im !;ov ct n! 1V 
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Hisliop cl cl l l kSn, L f if n ct at PISO. I hen ct ill IdSla. I', Kavc'li ct i ! P'Si, I \iv.‘e s ct a! 
19S1). It was fust shov.n by lIren ct al that interaction effects which i.'ive a similar 
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and tlie principal mechanism determinin'', the collection is that of weal; localisation. 
This type of iiiteinclion elfeet is only piesent in tin- metallic icpime ami is not tclatcd to 
the effects discussed here. 
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Wipm'i j’.li.ss we moan .. 1 i i:.e Mass \.h. ie i!,.• cii o;.!. •. •.. '• tin , I;-.!:,.. 

i:i tie in ly but not eti!if. lye.;: ■ il I", oil', i u il elec tier-..: ai V I ,\ Mon (l i: 

We now pile mmieii ml e\ hi.mi c t' 1 . ■' 1 1.. invcivon ; • . . i }..■•'• I. c!' iI.vimii 
loeali'.'iiioi) is a Yc'nmi a a! • -s ;,i lov. ten,, a i.'Mic, 

’J’lie lempel atnic tl. j an he in e o! eon dm l. nc r of .;;i i:i\ fa •:> I.v ,lli hid; !. \ .'! 
of ink ifm ii.l chaire ( ? '• K! 1 ’ I eh npe- u.r) li.e I\ i m.s-M'sed <!„ tef few 

ranj’e-1.1! K !l.e K. ’I he .a. tie.it ion en, iy.\ in :l;. n pmi,' c !.. n i on,!t:.i h\ e\ii >n 
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to 1\ was c\ti act.-il as a function u! n\ these 1 c-.tilts a to listed in tin* first two columns of 
table 1. The obtained A'(/.|) wasconsuiotablv 1:is*aw! than the value of A’(/- I, | t; , for the 
(K'il) Si sin face (1.7 X It) 1 ' eY 1 i ni '), iiic!:. oti!i;•. that the elect ionic lamlom fa !.! was 
effective in locali-iny, We li;:ve estimated the cht'np.c in the value of d( i.hh the 
relation 

till' ti/l';V(/|)‘ 

lleie tl.'(/A’(/-.|) is the iiioecniciil of /.',. In ordei (. > •. >. tract cl/'. ftoi.i the obscrv.iti.i.'ts vve 
lias e to assume a l.nov, Icdre oi ). Since the l c nil- are neat tile 1! ensition v.e .. • ,:;ne 
A'(/j) to he const. at and t ■.;n.».! t.» C.n A'(/■ )| : ,i, (Mott e/ <■! I"7s). 'I'he value-, of J/; t 
ohliiiiK’t! in t!)i'\'.iv:;;e|'' , otu >! in table I. \YV abotcbul.ifc the chance in the oleeiios:;. tie 
repulsion between electrons v.la n comideicd as p nut dunces A<i w! . re r is 

the mean distance between ennieis; this is relatively insetr-iiivt to the foim. t f di-tri- 
bait ion. anil v K is the a vet are di. led vie eotistar.i at the Si Sit), itiiei face. It is t ’em 
that, near the tisi lion, tl A, is its ai to the value of A. As tire .’!) 1.1 va lisa - , ion ci i.c: - on 
foi (lit tiplit bin. hr.;- e;iM j., 1, v, here 1i.-. the i.'.ts lainloat j silent in! atui /" ;• titc 

hainhviihli, the oh civ ation of A d/S indicak s that /•’, is mov inr up mainly d, e to the 
loealisatioi: of eenieis by the lendom field piodtued by the localised electrons. I Ms, 
then, in view of the appiovimate I'ature of the calculations, is stump ovidenee fan the 
system Ivitv a Wy nei .class. a cri\ lusiou not aeatiy chanced il v e allow the av itaw d 
value of A : (/-'i) to eb.et within lease.naMe limits ct assume :t diileivnt cxpt\ssion tot 
caleiilatint; the iatei sieetron sepalM.ion. In these cheiim-annei s vc woo'd expect I tat 
the hoppin:.' eo‘f.lae);on observed ai very low tempeiatmcs is a multi-electron ptoeess 
as discussed by K no;eh and Poll- s {i 97-Ip Mot; (l"7t.) a;id Adi- ins (19/8). 'j he in. ter 
paper also eon Ale is a com dated eonde.etioii p:o;v ss at hicl.ci tciapeiatuies in wl.t li 
the mobility edre d cs no: play a- si. nilieaut a io!e a- envisaged L ie. 

We now Unit to the main subject of this! etiei't the oscillations in conductance as ;i 
function of a eairiei'' eoneenii'.iiioi: shown In ?l> systems a; low tcmpcraimes. We v ill 
present our results on this phenomenon lor Si invei sion iavets; lie, si rive st ion; ev i.le: ee 
that file cause of the oscillations is the fonlomb iu'.ciactinn betw eeu elections. 

Previous in vest bullions of the nan.-.port propel ties of elections in a two tlimeir i.al 
sheet in (la As show eel that when the- am ici ■■ weir localised the i on he. tafiee osd"; !•. J 
as a funetion of cani'ei concentration (Pepper 1979). In this v.ml; the iv eiii.ai, :is 
occurred when the distance between elections was a multiple of a tand.m.ciita! dist.m; c. 
indicating, the elect ion interaction as a. cause. (Mote i« cent wm I. (Kit- hen and T< .v. toe nd 
1982, Poole ami Pepper 1982) indicates that the separation of the minima in the oscil¬ 
lations can be linear with eairiei concentration.) As this behaviom was in (lie icpii.K of 
Stroup, localisation it appeared implicit that it arose ft out tlu: contiihulion of the 
election election conliibution to (lie activation onerrv, beinp a maximum whan tbc 
elections are most ordeicd. 1 lowever, it was not ele.u w hy eleetions would attempt to 
order at cei tain values of eaniei concentrations w licit tlie hadn't omul potential aio c 
fiom randomly distiibnted donois. Recently Dallacasa (1982) lias attempted to ii iiirvc 
this problem of tlu background by piopc'sinn that the ordet ini’ arisi s fioni the dieleett ie 
properties of localised electrons. On this model a whole series of older -disordei ti.m- 
sitions occurs as the can ier concent i at ion is alicicd, allium a It, because of the existence 
of the random donoi field, the oideied state will be a j'las^ lathei llitm a lattice. 

C'oikIik lance oscillations have al .o been obseived when coiuluetion is in the accu¬ 
mulated sin face of the source and diain lepions of Si mum i is, and very vveal.lv in 
invetsion layers when a very Itijtli eoueentiatiou c'l Na' was piesent at the Si SiOj 
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intc rfat e (lYppei dal 197°). Si s net me in the diffeicntial of conductance icpoi led earlier 
may have a similat one,in (1 ; a a and 1 Jowaid 1*765, Poliilt <! a! 1976, Tidey err;/ 1974, 
Cole Cl /it ) v >7h). We now discuss the maim, i in wtiieli pionounced oscillations can he 
induced in the inversion l..ycr by varyim.* th,- fotiti of the bachaiouiKl potent i.d. 

The specimens us-, cl in this t. xpei intent wei e originally designed tor investipalinp the 
tiansition fi.t two to one dimensions, which will occur when the inveisinn layei is 



J ij inc 1. Sch.'^v.iic of the device ini!i.*!!y ik-v -i Ini il.c* on; 

o.jviinvuls ;.:i i in this v.oik. 



narrowed from the sides (Pepper , I-'owl. : cl a! ]9f.2). as it in In me I. The 

Sltl'sit ate is n-!;, pc (in this instatice (1(0) cun mat ion), and the channel i ■ m, toved 1-y 
apply it-r a reverse Has to the p* ter ions. Alternatively .the ; •; s lie u ]'' n rums 

can he differed rcioss into the channel to pr ;t dnpii'i- i :: at; this v ill c.v.tt.e the 

irnvtsion layer initially totm no:; in a line.'I he specimens r>. ■! in tins v.o;'. Hu! a li.-.htiy 
doped I'l-tyj a l.iyei at the v;i!Y;..e and there was no evlAme hu the oist.nce of a 
piaclient in the doping. Seme. ; pceim. ns showed situcture o'! the type sh.-v t in h.-mv 2; 
the oscillation*. < on Id he moved by the opplie. tioit of a std.Atav Has. iadir :.ti;:.-. that 
they oiijiinnted in the channel, 'j'itir. result sh<.\\ ; that the pte.eiko of imp-mity centres 
in the. channel, changing the nature of the locaLsiup. held. can induce the oscillations in 
the same way ns impurity centres in the soi.ree ard drain ae« emulation layets. V-'e also 
found tlpit stionp oscillations could he induced in a devi.e. v Itieh had rot previously 
exhibited the effect, by av alattc hiiig the ii'p junctions at K. ) he hi eal.chiv. n te suited 



ri.’.mv 2. The o dilation 1 . in tninuonJnciincc, ns i\ function of Milv.ti.itc bins, in the 
devices. The Icnmciature was 1.2 K ;md svas J..V*mV. 




















Lfi:>2 


Loiter to the Editor 


nltci cil the on the pale v< d.aec of the «> illations, ronfn mine. t!ia! they wetc 

caused hy elections in the imetsion lav.'t. As expected, lls. st’.uctuic shat pencu with 
decieasinp temper.ante and rev. o-.cill.ttions appealed (Iciti’ •!); foi i ij Ac- . the 
fen lines iilentihi d as hand 7 in ti-onc •! \u re a •slioul.’ei' until they split into a maximum 
St ml a luininunu below - 7 K. Since ti.e activation ciivipy was 0.7 me\' the tesohiiion 



ri;-uic f». n. t.iilcil tvmpci.ifm«.* dependence of condiKtimcc of the structuic s’iowh in 
figure -1;thc |. c. tion of tf._- IVimi t*nei$:y is indicated oy the r.t.vdvis (1 ,2 . . . 7) m !:• me 
\' S j. O.i mV. I he .u tiv it ’rpo ;u« iiuhe.itcd foi the maxima 1 , 4. ft ami minima 
2, 3, S and 7. (‘losses denote tu.txsn k«; ciivles den*»!e minima. 


was clearly due to the absence of thermal smearinji. Iiicrensinr, the pate voltnpe caused 
the oscillations to disappear when the eondiktanee became toupliiy irak pendent of 
temperature (the .'’I') hvalis.ilion and inkrnclion cotrections v.cie not inxcstipaled 
in this wotk). I he detailed leiuper.ilme depemlenee of the o-eillations in lip. tire <1 is 
shown in lipute f>. As seen, at the hiplier tempeiattnes the tesnlts fit the law o 
ot,cxp( -U7AT), rep..n(Hess of whellier a is a maximum or minimum. At low 
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tempeiateie.s the points leave tin* cxtiapolatcd j•!-.>1 in the maimer observed v !ifii 
'hopping' determin. s the condmtui.v. Hie se.ina of p.lints ami initial ieciea-..' of 
conductance in the regime is not cnoi but is reproducible and i also found ior 
oscillate;>:is in (iaAs, a 1 is the very weak dependence on temper at me at tin- lowest 
tanpet. limes. 

It is sii i' in;: that till- Is li.'tviom o <\> c.\p( \ 7. / ) is identic.,! to that found in 

convention.i! invasion layers, except that in the letier ease If' omae-cs ‘mo.e'dv 
with increasing n and o,, o, ,,, ( U.l e •'<*/). (A l< vel maximum in . ctivati-ui <.r,c';.y 
dec to Ka ' imparities t.n uo when coiHh'elion is I". bopping : nd rot l>v «. u i:.-.* 
(Uartslei:! and l ovk i i'»7S)). V.'e can equate will: il ti•a .g \t ratii, o! the 

ennenf I uniting region is (U. lit o,da to investi:,asr this i-. ; ion, ia v ia.-ii rc-h! s -.he 
dominant potliott of the injected oxide charge, l!i NhtU'aikn'. dc Haas cocci v as 
me.timed. The tliteslto! ' xohuec found fiom the me. ■ '... an.nits ol the Sh'iM-id'eo. do 
1 litas o.-c-llati,ms had toe ptc-axalam he v alue. i:>d; : u ; . that o dv a sm.ili In; d of 

the channel teas affect, a by the oxide chaip.e t.tid then l'o-v limit. ,i the ccm-tv.. )s, 
this lei.idl supports llie view that the aspect i.itio o'' the com ait la.-him; regie. is 
consider;-,My neater than tli.H of the ik viee (0.. no the value of (’.! letpurc ’ to 
equate tv v. ill; i' not unreasonable. 

If the oscillating I ; va'.ion energy vecre only ob.cr ved in the la p; •:::■• regime. n 
it mi ml vi el explanations based on an ovillutirg density ol sink s xco: hi he po le. 
This type of Ivhavioue conl-.l arise f-om one dimem-i.I 1!i. th e' peuel.id 'it 
itspccis of t;alisp, m. 1 iowvx es. the e.-viHating bcLax ioei t-1 an exe,..., : ene; :.v can.:of 
be cxp'ai.icd without id', tenee to t!:c Coulomb pap (ot Coulomb c<m:i ibutior. to the 
:tt fixation energy). ant! ;ip, e us ielated to the e.nlia n ■eh ofCoulomb conn.but : on 
to/.'. /■’ i (iYppet (7,'/ i l, 7h). I he ob: a cation of iheo.-dll.. - . ions at lov.vi Icuipail,:: s 

in (JtiAs (I’oole and IVppet 1 v <"'-d it' be publi -Jr. d) \.li.-ie conduction is by hopphut 
shows that the same inlet:’etion is pie: ait. The cheep, in t!:e a.c<ix.turn cne: e.y v. Ideh 
occurs on point', fiom aUidiietar.ee maximum to mitibman is e’v ,.vi greater th:r> the 
chain i'n iA:u :\.r fot the-.c two x elites of can iei am.i tut at ion. ) low cx er. this charge 
is alx/ays much less than the mean value of c and so can be sati faetoti'y 

accoiinfcd foi by enhanced oidenmt of the election distribution; v.e d.o not li.ivc ;t 
snpp.estion as to tire cause of the ordering o'dia than that of td.dlac.isu (I'm.!). An 
alternative description of the effect is a negative effective density o! states postulated 
by Hello ft a! (Ihdi) for W’ipnei condi na.ition in ?I> (also (.'heiiskii ami ') Uadi l'h '') 
However, this treatnunt does not yield ;i seiies of oscillations as found in the 
cxpeiiments. 

From the expei imcntal p.oint of view it seems that the election election inti taction 
produces three different effects, which ate minted. Initially, with a xviy low election 
concentration, the system is a iion-interaeliitj: I’ermi plass. As the election eoncen- 
tration increases, depending on the type of potential fluctuations, there ate time 
possible consequences. 

(i) Interactions icinforce disorder and there is a smooth piopression to the inter¬ 
acting Fermi glass, or Wignei glass, in which localisation is due to disorder p'us 
interaction. The localism ion energy, - l .\, decreases to zero smoothly with iiu teas¬ 
ing//, although the effect of the inter action is to cause /■., to rise. 

(ii) The type of random potential allows a measure of ordering to ocurt due to 
the strong election election interaction. Localisation is one to disorder and the 
Coulomb interaction but sharp ciumges in - /-.j occur at certain ciitie.il values of 
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carrioi concentration livin' 1 iiw*t" the conductance oscillations. ’I in.- wot J: 11 ■ p* m tf cl 
here soprests Ilia! tin. occiiis v.lien lli.' fin lent limiiinp. repion i-- mu,.!!. 

(II.) It the bach; round disotik i i' sufliei’ally wink then t!ie n:::::!vr t'f catri.rs 
loeshs .! is mk.iT! ( 1! :• 11) 1 ‘ nil ') end llic C< til.' ■:!> iii , .iTa.'li:m dosn. not appeu: in 
play a in!,-. I lowcvoi. on the niel.diic side of the tian-.ition a dc. cie-! ate eleeiion . ..s 
will; io\i u is oh ei veil anil lie re ('oid-mib effects may he sirnilii ai.:, pa: ti. id.n h. ja 
the piYvoii'.v of a Iim: i). 'tie field (\\ i!- <7 til 1 1 ■ ■. 1 i . 

We have also fo;r.il that ‘ill;**ion . ean he unlaced when po.-hiv** chaip.e. i:; the 
form of Pepped !;. ' • . h ctcalcd hi the SiO; near lie. Si Sift i. >;: f ..v In ile-.io.'i 
heant iii; illation. I in oscillations aie most pi\<n hukvI when a a..noline i-f tha.pe 
is ere a led are! ate v >.•;>!•« i v. hen the whole device ana is inadi, (■!><>; k- lilt has 
al a.) h -en found b\ R A I levies, pt iv. : .• commimiraiiots). Siniii;;: !;> we have no: f< •■..ad 
OseiPad 'll:, v. In n an inversion lav a i i- lot mc-.l on ; hiehlv doped se'-orate, whet,as 
they e,.:i he found in tie i!iiiuec,l tecions and eliminated hv an app'-.d volume of a 
few n:ieroV(<lt:;, in.!!. atia small en; rent limitine topion. 

In the expel intents tcp.dlcd hete, the pie-eNponenti:;! facto: <• i aj i;-i oxiata My 
consfant from s1ron::ly ivated •»> jnst metallie heln-viom. Tie p. 'Tates that the 
win T. ee.neni limida. lepion pi'.e\ i • •• to tla* oscillations and i> ra : »1 nnpjnp its * hv 
as the i voltap.c elieryes. and ths.l tins icpjon is i untiibnlinp. v. life i.'.iy l< ■ the eif \ t. 
It is a;'patent that the el Sect i • only Mtoiip.ly ohsei ve.l when a Maii il. di. small i .;i*.'*er 
of eli ctrons is present. 'I his may he dee to a sit,all lenplh ovet v !■ ; e;i the eleii.on 
hehaviir.n is coherent. and as this I, nt.ih inei cases li.e oscillato;;. h.lse. i.nit avet: ees 
to /cue 1 net eased si/e ol the cm rent liniitiny icpion may he the i an:. of the al-, ace 
of any dear peiio.lidty of the oscillations. This n.-iy he a hsn.Lev.-en;;.! ; hv ieel 
limrt.ili->,t ot a tclkstien of the vaiia'ion in haelnnoanJ ch..tie on a Ini.ei ;oea. 
1 lie ciitiei’l interplay of iii--;>.*-.lei (due to oxide cliarp.c) i illttst:. ted 1 ilifi'etcite- s iti 
the oscillato! v heltaviiitu between fhips, on the s.-.tne si'icui w.ife;. and also hv 
dif let ei t :e.s T.duecd by thermal cyeliup. between roo.r. tempetaPtie em! 4.2 IT 

Tlte results and discussion jaesenied hete coneeiitrateil on t! .• l"C.:li'.'d repute. 
1 lovvevsr, the effect has now been observed in a vv- ahci form i:i the Metallic.K-piu.e 
in (inAs. I'uiliei details will he npoiied slioitly (Toole and I’eppet IV.'-2 to he 
published). 

We have enjoyed many discussions with I’rofessot Sir N'evill Mott, f >i 1’ Townsend 
and Mi V Kitchen of I'sh'.v Cmvvisitv and Mr 1> A Toole. This wot I. was supported 
by the SI.'RC and, in part. he the l inopeait Researeli Offne ol the US Aimy. M .1 
Uren possessed an .Si 'R(' i 'AST. Studentsliip w it It the Plessey Company and the v. oik 
was performed when I'd Tipper vets on leave of absence from the Tkuscv Company. 
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effect. 'I lie .tk el., e ef.ny off. I of llie v.v.il, ft 4 , i-. il.e > .v. h.', keen f >u ; I 
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The do I effect e\hi!>iled by a l\vo-ditn> nsional eleclion pas J;;i m born a 

topic of investigation since the inilinl v.-oj 1; on Si inversion layets (1'ov.lei cr at P./'b'i}. 
Recently ieteiest liasdcvelupcd in I lie H;i!l effect when tie. Fermi energy l'y is in the 
density of stales miniiiia I'Otv.een I and.ui levels. Wnl.ah.iy.i' hi (1 ( )7K) and Wa 1;.aha vasli i 
and Kawaji (FJi'.O) showed that llie- Mali conductivity deviated fioni theoiy in the-e 
regions and foi mod a platoau independent of rnrriet c onoonti ation. Subsequently Yon 
Klit/inp. at at ()";.()) found lli.it the value of 1 l.iil lesislnnee in the pleaieau legions was 
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held dependence of </j, mo;: trice! directly with a specimen of ('or geometry. As is 
c 1 1 ■; 11 ) fo! l,.iv so: i icc di citi li Ii I the peak \s ,1 u< ■ of in til v I wo (I ] keek il'Ti eases with 
deet ensiie: temperature. indk.:'.in;’ that tli ■ cntiie level is localised. The tempc i antic 
dependence of e,. \e,;s no! snaked in detail in litis w<n 1.. but il is elcni lie:! in icc im; 
tli- electric lid.I achieves dch.e .!!• 'don in the (0 ] ) !■ ve|. ! ip.ure 3 shows /a, and /a, 

mee .tired diieetk man,: a I kill j.comcti v device. We now ili: eue. two asp. 1 1. of these 
(i;U!i es. 



fl'lj lire X I l.e Is!, tvio.n "!>„ amt/.., in tie I la". lae I. \i 1- ::t tv.uhff. ua.t v..’ . sf 
tliain U'livIII. tan!.-eo c.iim'S, 0.05 |iA; fail 1 OpA. 7 1 ’ K. // ‘JM'l ■ f ■ 


First, inciea'ina the current (tempeiature) produces the opposiu effect on p iy 
between (0 \ - ) am! (0 J i ) compared to between 0 and 1. When i.\ is between 0 and 
1 incieasing l, results in a deciense in the v.kith ot the plateau. I lowever, when iy is 
between (0 ] •••) and (0 J -i ) iuueasiin: /, Jesuits in the fotniation of a plateau, i Isis is 
also illustmted in detail in figures d(.;) and (/>): it is seen in figure •!(«) that a plateau 
exists at 2.4 K and then collapses as the Is nipciattne is lowered !<> 1.5 is. It is clear that 
(ledcasin': the tempeiature results in the localisation becoming appateiii tiuough a 
decrease in conductivity and the di .appearance o! the plateau. I iguie ■:(/>) : hows that 
once the plateau is fot med in I hi.. way it can then be icnioved egaui b\ fm tin r inei easing 
the cm rent in exactly the same manner as the removal of the plateau between 0 and I. 
The subsequent teinoval of the plateau is not iclaled to the local: atiou but is due to the 
innease in n,,. 

The second fealuic of the figures is the presence of the pi ite.ui in the :-|-in cap when 
t lie i e aie extended states in the (0 j •) level, but the cut it c (0 J ! ) level is |< k ali: c d and 
shows Icmperal hi e-depemlent lOinluetiim. This indicates that the extended states in 
(0 "f • ) ate comp.aline, not only for the localised statos in this level but also for the 
(!) 1 t ) level. 'I lus suggests t!i: t the compensation mechanism is mote gens iat than has 
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Letter to the Ca'itor 


I veil sup; ested. This lias ;Tn life; i oh: • ival in I lit- llaH eutieiil exp. riment (Kav.aji 
anil Wal.abay..s l ii 19b I ) , whet e the l< >\. i si lex el shows eclix aka! heltax 'in a;'anti there i - 
no plateau in the tvp lepion between (0 j : ) ami (l) ] ) but between (0 ] - ) ami 

(Ojl). 

The ease with whi. a th- localisation tan he dianjyil in these specimen'- is ex idem 
fiom the cfcntion of a |>!:-» an: hy the application i>! a sub-it.tie Isas cl .TOW 'I he 
decrease in localisation eauv-d h\ the hi e is also c\ blent bom an oh..e! \. lima ease in 
o, x at the centre of the level. In the absence of a inai.uict'C field siiniha »!. localisation 
effects a to ohscivi d (l\ j ; ct IT,'/') and ha\c been related to liie e. cu asin.' I. net!) scale 
t'f the potential flutTu:-1 i;>:?-•; it is not eleai ii’ll.i. is the ;:j>p;op:icte nieehat ism in these 



2.0 ' 2.1 ”"‘2.2 ””2.3 2.4 2.S 2.6 2.7 

• ()Cllf V0lt<!Qf* ( V 1 

l iiturc 5. I mhj.i: in v cffc\: cin pf. li biiv.ccn f<f * ) ;i;ul CO i - s ) lovcN. T - 

1.2K; // r 9,(lT. ‘II,.- iM»u.*nl i*> O.^uA, ulmii i> suflukmly l.»;v | bticai* i'* not 

oli'mvt! .ii I. »v'. fu ijiK'fK'k’soi Ik 


CXpei intents. (These effei is are n< T i elated to the observation of the true in vet sion layer 
condnctanu when a substrate bias is applied to a contact limited device (Wilson ct ill 
J9bl). Ti anspoit when dominated by localisation in the contacts can be ini- taken foi 
inversion Inyci localisation (Tsui and Alien 19/S). 

These i csults pivc strolls, suppoit to theoiies suppestinp that extended states must be 
piesenl for the obsei vat ion of the quantised plateau. I loxvcver, when AC measurements 
are pel foi tiled a plateau can be observe'I even w hen all slates ate Idealised and a plateau 
is not found undei I >c eondilions I his is shown in tipure 5 where, at low frequ. ncies and 
low values of cut lent, a plateau is not piesenl when/) is between (0 | -) and (0 J t ). 
Increasiui; the frequency tesults in the pioptessive foimation ol the plateau, a proeess 
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/.l.-fiV." •') the LiiiU't 

C\ id ill :•! as !■' >', ;i fi. ■ ,i"'i:. v . v U ! I |.*v c\vi. due !<> c apa; i 1 i\.• 1 >- •. j> 1 11 1 do vie. the 
ai'Uv ot the I !. i : i i !,.u. .• i in:: i ! . i Mini. ; ! |i,l cllci ihau *',c i1 1 i* li oqaci'.cy. 

Wf s 1 :: ! v s I ill. i' t! ■. ii'ijW IK V eh eel ,-i i' f l \ i . fi " (!«• \ clovily «>f l!;f Cf US', f of '.he 

oi oil i- i'i ii niifi! il. I v i ■> tin. i ui i ■ fi a". J :ii. fiu 'ii i M l>. in;’ oio foi /'fi o i in i f:il. 

In tin j •111 i i ■ • if. loii ii. • 0: i'i v. it', o' thf f!. v >i > >- : i- , IT. is civer. by 

T|, I'r.'H 

where f;i i-. the M.i! iii.!'’'. equal in 7 ms 1 ;il /, 0T>|;A. )l (in- shales am w. •>];. 

local’v.'d tIll'll WY 111 ;.y Use thi'- V.ihif of f ’u if 

1/n > 71 'i /ot 

wildc ivi> tin' decay constant oi l 1 ). w arn function and f?.; is tile frequency o' '!: - 
applied fie Id; llii-, i.'Cssvnliallj ill. condition f..i t'n K> Ts ft. ion to beet w nn:> :ij'. •: 5 ft.. 
Tire di if! velocity V’l.i' Used t.iilid i!.;ii> 11 sc d): p.isiv i’.y / > Pc van a. c I i il'cvu';:/ ’.I 'ft'-, 
the cl. climi is no! scnfivicd am! l) is no! in, ;'i;:n.f;d. i he cfici <!. I 
cot'diti.m can be net at a frequency of 7 Ml:- :"iil :i ii"idit i«! t‘. "* • ; A lotm-p • 
to :i \ flue of 1 T is ' 5 Hi;). This in:; lies lli;:l I lie i.icic. ini; h i q . : .'ti.', v in. ■ .v •; the 
locali'-aiion ld : .’.i!i inilil. when thi-. was equal io 11• sj-.vim. n !c A, ;•:< . \v 

il:’n':.';!'is..ft.ioii vie,, iidr. veil.'! hi., c'.trcin.iv lone I >n left yd, i rsh •> i . ..IT 

because elect mns in ii.v centre of ihc I anal.-e lev; I a.tc no! sc..in,md ..hen i- i 
bum! t.-.il. )i is iid! oh. civ able when l \ lies ini!;.-, t..:-.-. k of ;b- i,.; id :. 'o' 

inelastic seiitldti!!’.. It should In- noted, kowevei. 1: u vlnn vci I 4v info ...'foe ' 
Compensation onVet on the ,li ift velocity Tp the ca'ca! • ted local: am L n.:tk ir.it i .. •>. 
As disci’''.'.(I cat Ik r, if the extended states in ih.c (u i ) levc! an- conipviiss.ti'i:’ not 
only for the localised states in this lew! but uKo foi'd(U ] ft ) !.-\e!. the ihift uT ity. 
and hence the!, leali vtinu lem.-ilt. efleetivdy doal !fs. i iov.e’. ei. the p- sent experr ee.i 
does nv .,1 yield an i.eeinaie frequency for the onset of '.he phu mi. end so v.e i.-.iiiot 
quc'ititniively div.-im. the localisation leiv'ili. 

At tlie lowest values ol current ( -10 A) the cl feet of innei.'in.', the frequency was 
difficult to establish because of the noi'-e. Consequently ii v.as no; possible to eve. :ir..: 
the frequency dependence \\ hen the c tin cut was no! cf ic. live in del, v.lisinr eai ii. -s. )i 
was noted that when tin- plateau was present. it lend;. I tonal row >.*ir.lit 'y with in. i e. 'ine 
fi eijiieney. Out previ. h: v tneasut emciits of comluciarcc in the minimum of ,\ ( i.\ 
abayaft Iii and I’eppei I showcil that the chance in <>,, with inei eas ; ny fieiju. n._. was 
small and could not account foi thi-. narunviiv; of t!i>- plateau. ') I us we attiiine.e the 
effect to tlie pruc.n v.ive removal of the consequences of the localisation of states ; o the 
Landau level tail as the frequency increases. Tlie slates in the tail will he mine ty. htly 
localised than Mates in the centre, and consequently hie her frequencies are icqub fd to 
remove the cflectsol loealisaiiou. Capacitive loss problems with laij’.e reom in d -v ices 
prcvenled us from investir.ilinp I'.equencies above Hikll/, and so these elleets cotiM 
only be observed when the election lempeiatuie was increased to a. .;>io such t!. ,! the 
DC plateau was on the vi tec ol appeal ine.. 

The results of I lie lnqiiene) dependence are in qualitative a;'i eeivieiit wii horn , .-suits 
on the tenipeiainiv (h pendem e, namely that evtended slates oi slates which lvh..ve as 
extended are required below /■.| foi plan an loini.ili.ui. This hequenev effect cao oniv 
be found at low fiequeueies because I lie viilual lentoval of sc.iII-m in ; when ! \ is in the 
minimum of \\l .} tesults in a lone inelastic seain-iinp time end Uic v.aielmn :r-in is 
colv. rent ovei Inipc di ,lances. Iteeansc the loealisaiiou is veiy weal: the bch.ivi uu is 






















Letter to the Editor 


Lfiufl 


We now consider (?>«• I . h.ivioui o! (In.-11::! i effect (htwuehou; I lie I.au !:;n level. I his 
behaviour is parliuduily 1 h-vant in view of the snee.i ainm- llial (lie j .c.enci of the 
plateau rd.cis the In iisviou- of o JV when slates at /:) areiNtcmlcd. O; r pu..ccduic i - in 
Calculate the number of In, e; .ion layer eai i ie j s,, fion: tl,e 1}:• JI ei led ..n■.! cotnp.c 
tbi. ijiiar.b'.y !o tire iv;:! ltuml.erjtivi-n by ('„,(l •- 1 'i v, f. ie \' t an.! IA c l 1 , v ■ 

of applied j..'ie vohay.e and tistoshold vo.'iupe rcspciliich. We calurla a ,,, Ironi th.- 
relation 

-(//’A)(<■’, I- ojj-’o,. />'.'<Y>., r 

As states in tire tails <*f 1 an.bin levels ait K eali^eil the. \.due of i:,. n obtain d near i; e 
centre of tire I. vel is not c-.p-vted to ecjua' (I , - . However. the taU r| chan.te 

of it; M with V, sl.otrld b: simp';, ptovided the extended Mates ;:ic r-ivinj* tise to a 
‘normal’ Ira! 1 efleet. Jnlrttm C v.e shown,,., plotted ap.riiis! 1, io; twodiff. tent: ubstiwc 
bias condi; i”>is and u cot r.' .pom liny,presei.ee ami absence ol the [rialcan in the spin '. 
It is seen that, near the centre of the 1 an.Ian level, is In low the cue cat net 
concentration. and (her; ti . s above it as \\ is mc.vascd. ) he line imli. aline the il. ! 
value of Carrie" conrontruliair paves t !i j'oii:t!i the centre e! tire plateau. 1 lov ever, line 
rate of chance of with \\ in the centre oi the lev el i- ; i\ ,u h\ C\.Jc v.h. n the p! ;le 
is, absent. When the plan an n r.ion is pro at this linearity ie. a, , \* ; tj, \\ j. nb-.-iu. '|: I. 
is evidence 11 > • t tpe pasencc of tire plate.nr ration distort-. tin value of .a, th e, , h,a : 
lire rettion of estended states ne.ii the middle o! the le\el. !U an-no! da. rtinriti ■. 
rati of char’ua of with F,. is rrlwnvs diii. re a: to the real \ alue. 1 bv. cv-_: . v. !■ .ur • la;.w 
in the centre of the level a.te v.eal.ly localised th plateau i m-l potent am! th.- r:-: .■ 
of chanp.e of with l',. is com cl. The same t'illeter.ee in b. haven* in r . en •plate;:..’ 
and ‘non plateau' ease, is found when we enknlate n,.„ wim, the suaj id:, h . 1 1va 
expression developed by Ando i t oi (lv75). Heist 

o.,. --r - //.’ ■! (I '//:(.•/ J o,, 

where f is tlie width of the l.nmlati Is vel riven by F (d'.a/)' •', when- ay is the 
cydotron frc-tjucney am.! l i% the seattetinp tin in the ab: en.se of in.spnetie field. 

Thus, in summary, 1h«-e t•.•suits ayrie v itu theories tint the e\u nded state r . 
cornpensaie - for the pte.si nee of localised state, in the tail of the level. When states at 
the centre of the level are v.eal.ly localised th. plateau ol ijuaulised ) lull k sisiam.c is no; 
present when is in the tail **f the level and the compensation effect on r a) is not 
observed. 

This work was supported by lire Science and Fnpineerinp Res*. arch Coimei'. M Pepper 
acknowledges j an rial support by the I European Research O-lke of The US At my. 
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as 7''/ 'l!-i if :ilt- (1.1 1 . ’! :i .: Mir. f ii ill.- / le: : i > •>. i ft 

7 ln{/,//') v l.uf /, is a in/.M.':,!. 


In two din:cnsions (.'I)), const nietive i K\non on. el me ini.:f. nine betwi.cn meklp'e 
scattering events lead-. to i! deetease of the ‘nun ' < otuinet. i.a' a | w o f tem¬ 
poral me 7’() J.'U'ics .'ilid iVjijvr J'-’S.?). Lot sm.:!| cli.t;.. os t is l.'.C V.e'i '.liov.ii 
>nie currci lion initii'lly pietlieleil Ly Abiahants tin! (t,io' a re\ iew see l Ten t : til 
19(i]u). For a square sample of side a; 7 - UK, the ‘no; m:*i' eoiidii.i.eiee t\, 
nc ? “i/in* becomes o <r 0 ■ i A(i|., c where 


Af'i.v 


c'(\ L 
-e. In- 
Jt ft I 


0) 


where n is th.e mimher of (.lections per unit area, i and lit re the elastic seatteiin.’ time 
and length respectively, //;' is the effeethe mass of the el etron. and c is a const..et of 
the Older of I. 

At finite lempeialmes /. is the inelastic scalierin;’, length in the tciepcini'ue 
range of inteiest this is due to eleelron-electron scattering. If r, :l vatic*. as 1 r then 
equation (1) is espei internally observable as 
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as shown in fijunv •!(/>) over the small taupe of 7 we have com.id.-ted. I \pu ssjnr. i, a.s 
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Abrahams r /d (?*»'*: AALH) ls;>\•- prop >: -tl ;i ‘ .iin t * ih-.-osy of conduction. They 
defined ihc dimension!;. .is conduct ana , of;i•'j'’-T 'i/c !. mid dimen aonnlity d, by 

o ■- (c Vw 

A scalinf fujicii-si /»\vu-. the n defined Ivy 

f ^ 1)1 

' ,7 In/.' 

Tin 1 ii: 11 : i11y. f 1 'i; : i s of !’:!< fc:lOl!.•:) are known: A,At U assumed that /.' vv: s a smoothly 
varyinp functionof;; only between these limits. 'I Si. - av-nnijdioii tins! tin- /<function exists 
is busk- to the s-.-;-*in;-. tfy. Ti ha:. not Ivon t iporously pio\eci theoretically, and 
computet studies 1 i*t- produced t onhk tiny. kmi]:s, so we must tinn to experiments to 
test ll;v..tiJity of ti : I-, .-.ssumption. 

’J lie lesiil;- o! Aa. hr u- t aicpresentedhere. A ‘sealingfunction' Insbeenconstrue k cl 
from m-.'-tiMireiin iits cAconductivity at'.iinst temperature on ;t silicon inversion layer. In 
this sys'eiii th. election. form two-dimensional '-lection pas so that (as d - 2/ av. y 
stnil analysis is sunnlili-. d. 

To peifont! I'm; analysis some assumptions coitccininp. tlu- relationship between 
lenplli iunl t.'i'.jvraliiti must be m >de. As discussed by Andes son ci «/(] l > 70) and ldtveh 
and Mott (l !, Mla), the v iicctive lenj'.lh is the distance the election Have's before be in it 
inelastieally sc attered. This fives, in the weal: sratterinp limit, /. • (/>/,)’ : . where /> is 
the diffusion eoefiiuer.t and r, is the lifetime between inelastic seatteiinn events. As 
r, « T r this p.ocs /'. v- I" 1 ". MufUCtoiesistnn-.-e measmements (•:.!•.. Kawafuchi and 
Kawaji I'/WI, liter aid 1 "S!) have shown that eli-cturn electron scnlteiin: 1 is the dom 

1 ts’ov.;;'. (ilCK.r .Hill 1 ■ ii.ewi,-,. I!!, -I l-’..-.v.iii-|i (Vflio. V.YmMcy. M.J«t!cw\. 

t Al o .a f U l IJi-v. i.M ..emit-,. Has', Ueu .:,di ( . n!n-. WYniH •>. Mi.!,!|,.o, v. 
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anti the value v. Iclicn as the mean of the two values: 
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Nome rep: esenl.-itivt icsn't-., for several car i iei eonccntnititins, ate shown in tiyare J. 
As can be seen. l>:. n--tilts «!-> not tit on ;t unive;--a.! curve. iatl-ei the icsults lot each 
Cittiie 1 eoiieeiiti.uion fit on s paiate turves, with slop* s opposite to th.i! predicted in' 
the st i-li.'i!'. tlieoi y It i - also sect, that the sank’ value ol />, is loan-1 for dii'feicnl \allies 
ofI fete we slie-.s thot ;s!tIi->i: !i there me t - lots in />’, the value of e is tpiite ptecisf. 
1 lent e it is tieni that t! t le i-. mi a v. ell th tineti v ah;c of j\ for a particular value oft;,-. 
There are tinee p- >s-.ible c< .nclusions fioin this, uliieli will now he ioitsitlerctl in turn. 

(i) l ileetroii eh-iiion inlet.i-. tion-, may It- siyiiificnnt. It is Known (Altslnilei > : a! 
10; 10, )-'ul.uyama I V.vt. K avch ,-nd Mott I'JSI i>) lb : (in llie picseiiee of impurity seat let in;: 
electron election infer action - a ho yh e a teiap.-i aline tlepciuh nee in the cotnhiclivirv. 
The sea liny, tlieoi v is a • -inylc t T t non model am 1 so docs not in. hide these efleets. In the 
weak scat lei iny linni it w as lii st : .!a»v. it by l hen er „! (l’h.ti) and also l 'ten cr u' (1*,;)) 
thill tllese effects ate u-yliyiMe in Si inversion lost, is in the absence of a magnetic lie hi. 
with sill v.eijnenl lh.eoi-.-tie.il jn-iilu at ion by Kav-.ib.ita (I'TAT In the reyitne of slumy 
lot a lisa tion vin i.ihle : nine hoppm;*. has been \s it I !v oh-.-.-i veil (Mott cl a I 1T/s) T his is 
also .1 sinyI-.' elee 11 on i Heel. As< out-mi 1 ’eMet Is.nc not inipo;taut in these limit inyc.i'-cs 
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il sen’;-- reasonable to '.h it they are not impel tan! in the intermediate repion 

either. 

(ii)'lhe assn niption that y yfi;) is invalid. As this is s :h !i ;:n important -assumption 
it is won!) inxcstipaiinp finih.u. In the weak seniterinp limit it is !,nnv.n that I. 
(/>!,)' \ 'I here is. however. lash of npiecnn at in the litei.itme o;er v. lint the uppoyriaU.* 
form is when do vial ions 1;om metallic conduct ion become impoi l.tnt. If tlie unper imbed 
value of /> is used, with r, >• T r . then'/- 1)1. Alternatively the petliulvd value of 1) 
can he used. As the conduct!'.ity is propo: tional to llte diffusion coefficient. I) '' v, 
t. •' fi' '! 1 so that in this ease y !'/{?. /!•). In both these cases ■/ •/,'<;). so the 

assumption is valid. It ha-, been suppested by Abialwms a at ()‘WI) that the elation 
electron .seatlei inn late r. t in fact varies as 

Y - K 7' In (7 |/7 ) 

(with 7| =• 3.6 x 10' 1 (Ay/]'hu the devices used). Inthisiase 
*0 ’ 1 . 1 ( 7 ,// ))' 

This quantit) vat ies fiom a constant by less than 5 r f mult i all the evpeiimenta! tomli- 
tions; this is mm It less than the \ ui.ilion needed to explain the icsuhx. I m thei nan e. 
recent experiments do not suppoit ti:is loimula and indicate that the In/ hum is not 
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present or is cor. -.id -i::isly lev. t?;:in Abrahams do! (JW1) propo: c (Poole etui I9S2, 
Uren cl a! l‘M! , I >avi. •. and I ; p.-r 1«JS3). 

I iiiallv the ij-.'i-thus of the transition ftom a 7 7 to a T electron electron scattering 
rale must be con- id.-i cd (bir:i tie! j'-'.-.i). In the >A.■ t. icinpnatiu e am! weak sc.iltv ing 
limit a V 7 depend. is i xpeeU d. with a 7 depend-. in c in tin* op.-. . ite limit. This could 
piod'.icc dcvie’>.firm a univefo! nine of titc upi found, bill should become less 
imp-miant at «.m :!! \..h es oft;, v.lu n the 7'depcad, nee slio-a!;! ah..ays dominate. The 
0p.jxv.ite is in laet < >!■ -t veil. 

(iii) The tliie.!. :•;■•.! onlv iop. .viing. possibility i that the its umplion tli.il ;i onc- 
pniiinn. ter scale.g In; ;k.» exists i - u a \alrd. 

It is inti'ti stia • t .. ■ L r v.h.e n l..ti-nnhij. between length and toir.peraluie would 
beiequiied ton': le. ih. i esubs n m :, U e.t v. ith ft nk.ig. At low tern; >e ratines (- 1 Oil ie.K) 
a variation of I- I 7 ‘ ' would be mjuin-il. with at high teiajneiiiies (- 1 K). a 
variation ;.s L ■ T These power* must be tin: s:a ; .: fo: a vide rue;..: ofconductiv i'.ie.x 
and causer ri, ii -ab.s. We ate not aerate of any predictions of such a Icmpcnili'ro 
depend., nee. 

\\V aie tires foie; •' lo llie eonel’.e.ion that a siiu.le-jnrainete! scaling theory i: not 
app’ieable to tb. ); :'is. 

Jnoui uiiiierv.-oii. tI Pepper P,‘S2 )\m- -found that thetemperMuredejvnd- 

cme o' the coadi.'b.i.y could lx. well dec;ihe.l In a power hr.-., a iK,(T/T,,) . i i.is 
relationship slioehl giv. com lam i ■ p. i inental : *li;=** function: /( - y. 1 Joru-wr, 

the ntnimiiiid,.- of /.( i;.-. leases v ids which is ir...• o. i tent with l!>i. Integration of 
A v - ’ C rives tlx h -.rn 

i - yh,('//7;',) 

nttlier than a ■■■ o,.(T/i ( )'. This' di.-crep: nicy pion'.p'e. d a careful check of the orifinal 
curve lilting, System: tie deviations were found between the tilled curves and the data 
points. In all ea: a the line is above the points on in;ei mediate tempo attires and below 
at hi; lioid low temp., dares. *1 In foi e. o =- o.,[l - y h:( / /iT|)J was found to give ties bi¬ 
lious in tin- opposite directions. 

The reason foi thi becomes cj-.p-ireiit when the two forms are expanded : s povert 
series: 

Ou(T/7c) * r\,( 1 -l y 111(7/7',,) 4 J[yhi(7'//'„)! : l .. .) 

Oi./(l - y!n(7'/7'i)) --- o,.( 1 ! yhi(7/7‘ii) -t |yln(7/7' l .)]- r . . .). 

The experiment:!! results indicate that, as far as such an expansion is valid, the second- 
order ter m’s prefactor has a value between !• and 1. 

In conclusion, the •. aiidity of the a; sumption of the scaling theory of conduction has 
been experimentally listed. A ‘se.ilb.g function' has been eonstmeied but it is not a 
universal function, as the A ALU theory leijuires. and over lapping \ a lues of/h an found 
depending on g and benni energy (ekMmii density). Various othei possible causes h i 
this dixcicpaney have been eonsiilei.-d but none has been found capable ol explaining, 
it. We thus conclude that a one-p;u ameter sealing tun . lion does iml exist. 

As previous wotl i.as indicated that exponential localisation is prc'-cnl in the band 
tail (Mott i t ul IV7:'»), ibis pm-enl v.-oik indicates the puseme ol a ‘mobility edge' 
sepatating. expontentiaily localised states fnmi weal:Iy localised states. I liis has al o 
been t.uggi sled on the basis ol theory bj 1 layiloek (P.'S I), K a veil and Mott (l'.’S !a, ’•) 
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am! Ay I'd (1 It is also in agreement with om eat Her re: i >! t s indie at ini’ excitation to 

it mobility edge, tK location of which was not determined by an inelastic scattering 
cut-o;I", i.c. tb-- !■ s-.aic'i of tin edge was not U-nij'orahiic-ik pendent. A qunsi-inol>iiiiy 
edge ptoduecv! by incls: tic seatici iny, is oxj>eci< d if till states arc exponentially localised, 
;is siigj.-csted by tbs sca!i:igtneo;y. 

We have enjoyed many stine'lnting discussion . wnth 1’rofs ^.oi'Sir N'cvill Mott and l);s 
.1 1! 1levies and H Y Uavunci.. 'I his work wa.s suppmted bv SI ; UG and in pail bv li.e 
Idtropean Uis-.iic!i OilV.e of the US A tiny. U A ) )avics acknowledges ait SbilC 
Ksseaie’i Studentship. M K.a veil thanks tin- Koval Society fo; a Guest Rc'-.-erch 
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The silicon incersi >ii layer has become very popu!:t: for invert!: . line the ni'. - ;V v ; ,ii> of 
I wo- dimenMimnl c chon ‘/stems. h j*:p„siie<ii;nh noli;: lor e.\p : i..certs on I'm c fieri, 
of disordet ns the elastic mean f.ce path may be varied simply ! v ■.Inn/in: 1 t'c y.-nici 
concentration. In ibis van!; v.v pres* nt cxpeiim. nlrl; rod t!u nieticl I u -ahs on i' c n-'.c 
of ci'icrpy lo .s fjom a not two-dimensional ■.•lection ; ms >;•■ an invcmi-. -n la;-, v . The j t t'c; 
i?. divided into tlncc main part -. The hot explains :i,a theory of cx;vii:;p.tt; the 
second briefly dost ,ibes the exp-. rhnenta! techtinjtvs, and finally we pio; osc a:t expla¬ 
nation of ti;C ohse, ved eneiTV loss i ale. 

Aeeorditij.' to the theories of loe.disa.tion there is a enricetion to the conduct !• ii\ i:t 
two dimensions (cm (io'kov cl u! I '■JT-J, Kaveh and M.>u 1%1): 

A a - - • - (;j v fte7d.v/i) ln(r/r) (1) 

where r, is the iiie! .‘.tie scatterini; time, r is the elastic (impurity) scattering tint.,is 
the valley riceenei eey and a is a constant of order '. 

The inelastic smtienn;- time follows a power law dependent.e on temperature, 
Tj t>: T giving t!:e expression 

At; l (iutipc‘/.‘:rli) ln(7'/7,i). (2) 

It has been shown by Altshuler cl cl (I Phi) and 1 ulaiynina (IbSft) that in the presence 
of iiupuiity senttei imt the ('oulonib inieiaetion pioduees a siiniiai toner-ion to tin. 
conduetivity. Tii.logarithmic lei ins v.eie fust obsei ved by 1 )n!a:i end CMu roll : 
ill thin metal films a iid it w as later shown by l Iren cl ol tliat botii ten :n a: e esent 

and can be scparai'-d b;> the effect of a magnetic field (Danes cl c! 1 I, laeo t icl 

t Now ;•! filf tow :n li 1 lf'-ir.ilo: i.'s, I lost Kesi an 1'. C mire. I s 11..me, V.\ ».!>'■ y, Ms'.ll.scv 
t Atr-oal fit C l'a'i anli I . s i.iimies. 


(ft) PJS.Vf he 11i-.tin:to of 1’iiy its 
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1<.\SH>). f '<>; il'. |-it -••)>: v.m; 1 it i< n,<: imp ;:int v 1 •.h tcim dominates. «.m!> that the 
eonilu,ti’> itj is ilcU-immed i>\ the dc, n *>=: n-mjvr.ituie 1 lowevei, we | ■ •!:.*. i<at that ia 
the absence of a ma.-.iie'ic Ii. U only I. el ;lioit i- in‘ *t?: ia silicon i>v,, rsi*>n lav ,-in 
(IT enc/rMT.lh). 

There ate thu c s.’noc! : n • inch: n: it, op 'intion in }!>.• cxpei uncut: itnjnn iiv 

scat let 1 i nt’ v. hi h is ah;.- ’■ -t teap ; .' :.t n i > a- ■■ pc a. ■ .‘it!; el,, it,,;! cic, i: on ; ait, i "ip e. :ti 1 
inelastic cl., non phon >u s . I ;i- i.s>:;Yti,-!>i<>:•:.• c->::.i.c.ti\it * veili depend on 

tl:e faste-t v ,. 1 :s> ie :: at a. ■ hp tale. I: i..r-1 .ci i\\ :t bp m.mt'.clorc: !■tn.vc mc.i,nv 
ntents 1!,.ii tl , l.t-test ii . !'■■'. ii;i ; :.:te at low tcmpci m ;:tc helivlioii -ekvloji 

scattcii'.e. (!•' t e a; ttehi ami Kav.t.j; l'W>. I hen :: u! 1 l, d!:;). 

V5iuU-i tit. e'i.-ci of . l.s :: v V 1,1 .in I..<■;=•- \, ill I- - in; t.-, 1 . The i in,, hail ism 
that rent. -vo cue: ev !;o-n : elect urn i-. im. lee-lie cl. cli ■ phono:. sCc.'.te: I"e. I he 
elect:nit elect: ait >e.:tter I:-. !•••"!• ■ ia ;i t ch- t' i'".ilat;; of ti'a encu'.V ami the i.ihlish- 
i)‘ent of atu 1 •; lien temp. 1 : ••.'•e. ‘I he elei'ios:-: v.ill lv hvet- ,1 ntt-il lite one rev 1 s-s i ate 
line to pica;.) c.aivicii is. • the en.-i'ev t-eine.l I'ioat the field. 1 lex c‘-f .! v as 
postulated by A ’i.1. l M't, : i <■/1 i ’ /’■ ’) to evpl.e.n the t cMil'e o' Dolan ar.J Os-,. to 1 v !*•'' " )■ 
In tin's siti!.,lion tie; euetio.i ten , c;;;iuic will ibe until a steady st.ee is established bv 
t!:e citerpy 1 -. 1 1;.i ;,. coedhi n. 

7, <>/:'’-■ [ r, (.’7' (e) 

■Vi 

wlteie / is the elect: ie ia hi. '/• and T, aie the lattice Mi,! el f,io;i ten,; fi ..tin icspcc- 
lixeiv. t\ is ti e (et: eat sp, .-if;. 1 cat.•ai l r, is a chatact* w- ! >e citct py loss time. 

Il the civipv loss till:. I.illi'v.:. a povvi: law J'l e J t:cc i',l election ti utjv.atute of 
the f,tiin i, .< T 1 then km.nithmic varitaion e.l eomiintivi;;. with elietiie lichi is 
expected 

f Ao ^' n! ’ hh/f'/ta). ' (0 

2 -i v .'.i a 

As the conT .hvhy A ,ictc; mine,I solely hv the ele< ttoa tcmpciatin e. eomp.n icon of 
the fictile he!.! tail temp, inline tie,’, nociiccs allows an eKctuitt teinpet.'.tiae to re 
assoeialcl v.itlt each vahv n! the electric fa ! 1. I is.is v,e see that tlie collection to the 
fonthtciii\ is h. i.'ip u . ,i c ; a the: nioriets-i to un. ,■■ me th-. ele, lion leti'pei attire. 

If we assn::, ■ a ftee eleehoit value lot the Sj-e, ills' h, at: 

(\ l.ij /Mr cT (>) 

then tlie e\p:c-s ; on can he , \ .ilt.ateil as 

V (6) 

I Iciuv i, ns a fiiiiction of el, el rent iempciatnie can he ol'tainei! fiont the expe; intent. 

) In nteasii t incuts wen t'et formeil on silicon I i t s c inn a (lilntioit 11 1 1 inei a tot 
to ae hi'- v e the low tcinpci nl'iiv • used. He In!. of the metliod are ;.'.i\ en hy l hen cl ci 
(IhSlh). the main points a:e sunnuaiisiil heie. 

'I he deviu used was a si!icon cute mom i i fabricate! on the (100)-.m face. An implant 
of hoi on limited the peal, mobility to 0.23 nr' V 1 ■ '. Tin- rate was a souaie of side 
?M) |i m v. ill) two pail sol potential psohe:. at i a need at and i ol the lee,;: til. I lies,: ptobes 
allowed foni • terntiml ic-.ist.'nr c nieasuu inei'.ts to be made: the tesults ate all itivett as 
resistance pet s;|ii.ne. 
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(i) It i% th: t‘.c'l i’i:: ■_! tn>i. ten.;. latuu e-.kts. Othct exp. t i: . ills 

fv>: I ■' n,.! I'tSi. ) haw 0..n.i, t; .< i!v d..•iiinnut ir..Tt'*ic Main-tin:! 

ima.’...lii- in i..' !. .iion oh; Ivon scctt.'iii>; .an t thauhe I'lcthrc !o: thhis much shnju i 
than tlu- cmtcy Kiss bmc fonmi here. so the e..;.c. ji>i election tempo aunt i-. valid. 

(ii) ')!';■ im tin i.i i ■ applicab’e i, respective oi tin- Miukv tin-1. mpercittio depend¬ 
ence of icsistanco. The pieviv.e of weak localisation allows it to be extended to low 
lemjH-j;.litres v.hoo it normallx e tint be applied. 

(iii) It Iris been !.:t<:?est< <t by haveh cm! (I 1 7)) ami ’) siidil.i (1VS1) that tin' elect i ic 
field eon influvitec wetth localis-it;on direilh. '1 his would invalidate llte method. 1 low- 
ex ei , Altshuler cl a! (19S1) haw . onsideied the same |>o;.sihi! : ty ami fotu.d that no such 
effect should exist. I • spot intent.Ty l ten cl <<7( l'J.SI i.) and I tule >p et ,7 (1"S)) have found 
similai Iton-ithti.ic i fleets at larsv and small maynetic lie).Is. '1 he tempo.time depend¬ 
ence of jesistancc is due lo weak localisation ;tl small values o( the magnetic lie Id and 
due lo inlet actions e.t hua.ei % al’avs. The picscinc of similai mm -ohmic effects when the 
Icmpctiitiiie dependences ate from difl'eient M'utees shows that heatifte. is tcsp<msible 
for the effect. I.ven if ;t new lettcih scale v.ete established by the cloctih held in the 
absence of heal it:;.:, it is much laiy.cr than the inelastic ! cnitth and so docs not play ;t io!e 
in this analysis. 

To detive the energy iclaxation time defined above we introduce the total mercy 
loss rate d:/df. 


d.'/dt : }»■('/;■ /f)Ci/i.) 


(7) 









' ( l) ) |. 
/ Ilf.-;-. Ill ■. leiei 111 ] - 1 : • ■ .••!> Slates. i; 5 he phoilOil 

we\e\ . . to: !: i i. 1 r t i so (-vs to ( 

the1.:\, i ;V . I i , ; i r ' .on 1 .*; ih. cl.--, nop ; /: tin Hose disiii- t 

I i■. o' i : st ■. . q , /.) i* the i-'n!t..s i : -ci '■ ot 11u* election • j 

|.'.i . '! i in.;,, . 1 , ; i: ■ i. i'ph '.ton-, of c:- tpy thus in. Ic.le 

the : > i : ■' ' 

111 ..,. 1 . ■ !. *; ? : \ i' . : ;! e ie \. •: c ! !ci i \>f :i..* < lectivn electron seat- 

t. i i. , ; . ! I I 1 ’;■ . ; i ; . 1 ip:e \,e.; m- : I llth'I'M.si., lit 

I ^ i 1 . I ; i. ie. ih. p!.n oil's inversion i.-\cr. 

sii''. '. • p;o! th . . p! h... hsoi'.vd ill the invasion layer is 

All ')■ U'l p. ! '.!,!• ■>. 'A- ' in the ev; , ; i id only ceoti -ti. pho:.. ms of small 
ty tus.y lv pi-i! i •!;•) (-• '• III,.!, livens Itowi: by Msinha < / u! (1‘.X1) 

that ii 1 1:,.-. ; n oM.a'h.i' phot’ - ;!. miniate 1 he c•: V i e.y !• >sst .il e, i \ i! ! 11: I lie SI!:Pis V 
rvpion. ' v. e r, •pleci ih A : e; - of s.sif... c p!mi; : W e use elefotmat: an potential for 
Ih'ele.p-m ;Tenonv e /naan W/.\»: 

|a//*!' /v : ,.v»:r(/.-)p (io) 

v. Iii'it <V /.' - /. ,t >i \' (/. ■) isiheilefotmntionp ili-iii i::I v.liivh. fot sir,.-.!:/,. is dependent 
only oa i!ie oiieiil.;i.’i>:i of A and is indep. no. nl <o. its marmhide. l!'i. i ceds io lv 
modified to tnl.e ii.'.o .t.v.ini.l t!u I vo-d intension. t tint me of ill** elect ion w axcfunctions. 

In the plane of the inveisiio l.iU'i. momentum is conserved. so A -■></ . In the 
(liiecti. el poi pemlii t,!.,i to ilk inveision layer momentum is not eotoei \<. tl. I ltetc is no 
coiiph:;;' I'elween dilfe ten, clettten states iltie to ,/ ptovidi .1 lii.it it • 1. n . where iv is 
the w iihit of the invi tsion layct. ’I he only efieet of thy finite width i-. to multiply the 
matrix element hy :i se.ihni: fttelor r.iven h>' the in\i i t;il f" v.’ exp (i.-/ :) t,<1.-. wltete 
i/’, is the tv;ivefunelio:i p. tpeiisii.T.I.u to the ins i i■ ion hivet. 1 01 </ • 1 ie tins f.ieto; is 

:i eoiis|,;iit iiulepeiiilenl of i/_ . The eleettotts sef.tti i ft out a three iliuieivis'iittl phonon 
disttilntli.in, the two ihiiten -ioiu'.l nalute o! the election system heitip icilceted in the 
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iA/(r<», <?)|’ :> [A/((I». (< )p : (j\ ! u> \\ (q (11) 

When the elastic mean lice path of the election becomes shorter than the phonon 
wavolcnyth, the matiis element falls (I’ippaiil I'PO). I he eoneetnm laetot multiplies ! 

the squate of the matiis element Hy a laetoi <y /. l or the tempeiatme taupe of out 
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wlicic Cancl 1) arc constants. 

This is consistent with the experimental results. In the low-disouler. hiph-tcnipera- 
tuic: limit the enerpy loss rate increases with increasim: / (001 responding to iucicasinp 
carrier density). Ill the hiylt disordei, low tcmperaluic limit the energy loss rate 
increases with decreasing /. 

Wc have invest ipatod the rate of loss of cnerjty from a hot two-dimensional election 
pas as a function of electron temperature for systems with vat yin*: decrees of disorder. 
It is found that the cnerpy relaxation time i, vaties with electron tcniperatuie as 7, J in 
the low-disorder, hiph-lemperature limit. 'I hisiesull is in api cement with the them elieal 
result for scaUerinp between plane wave election states via acoustic phonons. In the 
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